Decades of research have implicated the ventral tegmental area (VTA) in motivation, 1 reinforcement learning and reward processing. We and others recently demonstrated that 2 it also serves as an important node in sleep/wake circuitry. Specifically, VTA-3 dopaminergic neuron activation is sufficient to drive wakefulness and necessary for the 4 maintenance of wakefulness. However, the role of VTA gamma-aminobutyric acid 5 (GABA)-expressing neurons in arousal regulation is not fully understood. It is still unclear 6 whether VTA-GABAergic neurons predictably alter their firing properties across arousal 7 states, what is the nature of interactions between VTA-GABAergic activity and cortical 8 neural oscillations, and how activity in VTA-GABAergic neurons relates to VTA-9 dopaminergic neurons in the context of sleep/wake regulation. To address these 10 questions, we simultaneously recorded population activity from VTA-GABAergic or VTA-11 dopaminergic neurons and EEG/EMG signals during spontaneous sleep/wake states and 12
Together, our data indicate that VTA-GABAergic neurons, like their dopaminergic 23 counterparts, drastically alter their activity across sleep-wake states. Changes in their 24 activity predicts cortical oscillatory patterns reflected in the EEG, which are distinct from 25 EEG spectra associated with dopaminergic neural activity. 
Statement of Significance 32
Little is known about how ventral tegmental area (VTA) neural ensembles couple arousal 33 to motivated behaviors. Using cell-type specific genetic tools, we investigated the 34 population activity of GABAergic and dopaminergic neurons within the VTA across 35 sleep/wake states and in the presence of salient stimuli. We demonstrate that coordinated 36 neural activity within VTA-GABAergic neurons peaks during wakefulness and REM sleep. Neuronal activity in the VTA exhibits arousal-state-dependent alterations, with increased 55 activity during wakefulness and REM sleep compared to NREM sleep (Miller et al., 1983; 56 Fifel et al., 2018) . Although initial studies suggested that VTA-dopaminergic neurons do 57 not change their mean firing rate across sleep/wake states (Miller et al., 1983; Steinfels 58 et al., 1983) , more recent examinations revealed marked arousal state-dependent 59 alterations in both firing rate and firing pattern (Dahan et al., 2007; Gomperts et al., 2015) . 60
Moreover, using cell-type specific fiber photometry recordings, we demonstrated that at 61 the population level, VTA-dopaminergic neurons show strong arousal-state-dependent 62 alterations in activity (Eban-Rothschild et al., 2016). Early single-unit electrophysiology 63 recordings in rats suggested that activity in VTA-GABAergic neurons varies significantly 64 across arousal state, with high firing rates during active waking and REM sleep (Lee et 65 al., 2001 ). An additional study demonstrated activation, via cFos immunolabeling, of VTA-66 GABAergic neurons following recovery from REM sleep deprivation (Maloney et al., 67 2002 )-suggesting that these neurons influence or monitor discrete arousal states. 68
Nonetheless, there is a great challenge to accurately differentiate between different cell 69 types in freely moving wild type animals and conventional electrophysiological 70 characteristics used to differentiate between VTA cell types has been debated ( studies, as one suggests that VTA-GABAergic neurons are predominantly wake and REM 80 sleep active (Yu et al., 2019) , while the other provides evidence that these neurons fire 81 mostly during NREM sleep (Chowdhury et al., 2019) . Therefore, the exact phenotype of 82
VTA-GABAergic neurons across arousal states remains unclear. 83
To address these questions, we used Cre-dependent viral vectors to express the calcium 84 indicator GCaMP6 exclusively in either VTA-GABAergic or VTA-dopaminergic neurons. 85
We then used fiber photometry in tandem with electroencephalogr-86 aphy/electromyography (EEG/EMG) recordings to monitor spontaneous arousal-state 87 dependent changes in population activity. We also recorded calcium and EEG measures 88 during a battery of behavioral challenges (social and non-social). 89 90
Methods 91
Animals 92
We used adult (>8 wks old) male vesicular GABA transporter (Vgat)-ires-Cre (Jackson 93
Labs stock #028862) knock-in mice backcrossed on the C57BL/6J wild-type background 94 (for more than 10 generations) and tyrosine hydroxylase (Th)-IRES-Cre mice obtained 95 from the European Mouse Mutant Archive and backcrossed on the C57BL/6J wild-type 96 background (for more than 15 generations). During experiments, mice were individually 97 housed in custom Plexiglas recording chambers at a constant temperature (23 ± 1°C), 98 humidity (40-60%), and 12/12 light/dark cycle. Food (Laboratory Rodent Diet #5001) and 99 water were available ad libitum. All experiments were performed in accordance with the 100 guidelines described in the US National institutes of Health Guide for the Care and Use 101 of Laboratory Animals and were approved by Stanford University's Administrative Panel 102
on Laboratory Animal Care. 103
Virus preparation 104
Cre-dependent recombinant AAV vectors (pAAV-Ef1α-DIO-GCaMP6s, pAAV-Ef1α-DIO-105 GFP, and pAAV-Ef1α-DIO-GCaMP6f) were serotyped with AAV-DJ coat proteins and 106 packaged by the Gene Vector and Virus Core at Stanford University. The final viral 107 concentration was 1-1.5 x 10 13 genome copies (gc) ml -1 . Aliquots of virus were stored at 108 -80°C until stereotaxic injection. 109
Surgery 110
At the start of surgical procedures, mice were anesthetized with ketamine and xylazine 111 (100 and 20 mg kg -1 , respectively; IP) and placed into a stereotaxic frame (David Kopf 112
Instruments, Tujunga, CA, USA). To selectively target VTA-GABAergic neurons, virus 113 was infused into the VTA (AP -3.3 mm; ML = 0.2 mm; DV = -4.6 mm) using a 33-guage 114 internal cannula (Plastics One, Inc., Roanoke, VA) attached to a 10 µl Hamilton syringe, 115 at a rate of 0.1 µl min -1 (400 nl total virus). After infusion, the internal cannula was kept in 116 place for at least 8 min and then slowly withdrawn. Following virus injections, a 400 µm 117 diameter monofiberoptic cannula (Doric lenses, Inc. Quebec, Canada) was lowered into 118 the VTA (AP = -3.3, ML = 0.3; DV -4.3 mm) for fiber photometry recordings. Mice were 119 also fitted with two gold-plated miniature screw electrodes (AP = 1.5 mm, ML = -1.5 mm 120 and AP = -3.5 mm, ML = -2.8 mm) and two EMG wire electrodes (316SS/44T, Medwire), 121 previously soldered to a four-pin connector (custom). These electrodes were inserted 122 between the trapezius muscles for EMG measurements. The implant was secured to the 123 skull with C&B Metabond (Parkell) and dental cement. The skin was closed with surgical 124 sutures, and mice were maintained on a heating pad until fully mobile. Mice were allowed 125 to recover from surgery for three weeks, and then acclimated to a flexible EEG/EMG 126 connection cable and optical patch cord for ~10 d within individual recording chambers. 127
Fiber photometry recordings and data analysis 128
Thorlabs). The signal was then sent to a lock-in amplifier (30-ms time constant, Model 140 SR830, Stanford Research Systems, Sunnyvale, CA, USA) that was synchronized to 211 141
Hz. Signals from the amplifiers were collected at 1 kHz using a custom Matlab script and 142 a multifunction data acquisition device (National Instruments). 143
The photometry signal was down-sampled using interpolation to match the EEG sampling 144 rate of 256 Hz. For each experiment, the photometry signal F was converted to ∆F/F as 145 in Eban-Rothschild et al., 2016. To address a short decay at the beginning of some 146 recording sessions, the ∆F/F signal from each session was fitted with a decreasing 147 exponential of the form a x e bx , where a > 0 and b < 0. We then subtracted the exponential 148 fit from the original ∆F/F signal. To detect calcium transients, we generated two filtered 149 ∆F/F signals, one low-pass filtered at 0-0.4 Hz, and the other low-pass filtered at 0-40 Hz. 150
We calculated a trace of the derivative of their squared difference and identified candidate 151 transient times by thresholding this signal at mean +1.5 standard deviations. We further 152 required that the ∆F/F of candidate transient times be higher than the mean +1. into Matlab using a custom script. To estimate EEG power in a specific band we filtered 182 the EEG in that band and took the absolute value of the Hilbert transform of the filtered 183 trace. 184
Salient stimuli presentation 185
We gently introduced salient stimuli to the home cage of test mice that were individually 186 housed and connected to fiber optic and EEG/EMG recording cables. In each 187 experimental session, each test mouse was exposed to one stimulus (n = 4-5 per 188 stimulus). Different stimuli were presented several days apart. Salient stimuli were: (1) 8 189 to 12 weeks-old female C57BL/6J mice (Jackson Laboratory), (2) ex-breeder CD1 male 190
Research Diets, Inc.); and (5) rat bedding. We provided test mice with a small piece (0.3 192 g) of high-fat chow during the two days preceding the high-fat chow experiment. We 193 recorded fiber photometry and EEG/EMG signal prior to and following the introduction of 194 the salient stimuli. For immunofluorescence staining, brain sections were washed in PBS for 5 min and then 210 incubated in a blocking solution composed of PBS with 0.3% Triton X-100 (PBST) 211 containing 4% bovine serum albumin for 1 h. Sections were then incubated for ∼16 h in 212 block solution containing primary antibodies. After three 5-min washes in PBS, sections 213 were incubated in blocking solution for 1 h and then incubated for 2 h in blocking solution 214 containing secondary antibodies. Sections were washed three times for 5 min each in 215 PBS, mounted onto gelatin-coated microscope slides (FD Neurotechnologies, #PO101) 216 and coverslipped with Fluoroshield containing DAPI Mounting Media (Sigma, #F6057). 217
Microscopy and image analysis. 218
Images were collected on a Zeiss LSM 710 confocal fluorescent microscope using 219 reflected light. Digital images were minimally processed using ImageJ (NIH) to enhance 220 brightness and contrast for optimal representation. 221
Statistical analyses 222
Sample sizes were chosen based upon previous publications for the study of the sleep-223 wake circuitry. We used two-way RM ANOVAs for analyses of calcium signal and 224 transient rate (Figs 1E,G and 5f). We used two-tailed paired t-test's for data presented in 225 
VTA-GABAergic neuronal activity is modulated across arousal state 240
To assess population activity of VTA-GABAergic neurons across spontaneous sleep-241 wake states we used calcium-based fiber photometry recordings ( Fig. 1A-C) . We injected 242 a Cre-dependent adeno-associated virus (AAV) encoding the fluorescent calcium 243
indicator GCaMP6s (pAAV-DJ-EF1α-DIO-GCamP6s) into the VTA of Vgat-IRES-Cre 244 knock-in mice and implanted a fiber optic probe above the VTA for subsequent delivery 245 of excitation light and collection of fluorescent emission and with EEG-EMG electrodes 246 for simultaneous sleep-wake recordings. Fluorescent immunostaining for GABA and 247 tyrosine hydroxylase (TH) in GCaMP6-expressing slices demonstrated specific co-248 expression of GCaMP6 in GABAergic, but not dopaminergic VTA neurons (Fig. 1A) . We 249 found robust alterations in both fluorescence signal (%∆F/F) and calcium transient rate 250
(Hz) in VTA GABAergic neurons over spontaneous sleep/wake states ( Fig. 1D-H) . During 251 NREM sleep, VTA-GABAergic neurons showed the lowest fluorescence and calcium 252 transient rates compared to both wakefulness and REM sleep ( Fig. 1D-H) . In contrast, 253 VTA GABAergic neurons showed the largest and most frequent calcium transients during 254 REM sleep compared to both wakefulness and NREM sleep ( Fig. 1G-H and Fig. S1A) . 255
These arousal-state-dependent alterations in activity were not found in control 256 experiments ( Fig. S2A-B) . 257
We proceeded to determine whether activity in VTA-GABAergic neurons is altered around 258 arousal-state transitions. VTA-GABAergic neurons showed a strong decrease in 259 population activity at wake to NREM transitions ( Fig. 2A-B) , while EEG delta power was 260 strongly increased ( Fig. 2C) . These alterations were not found in control experiments 261 ( Fig. S2C) . NREM sleep to wakefulness transitions were accompanied by a large 262 increase in population activity and a decrease in EEG delta power ( Fig. 2A-C) , even for 263 short (<12 sec) wake episodes ( Fig. S1B) . During NREM to REM sleep transitions, the 264 ∆F/F signal showed a gradual ramping 10-20 seconds prior to the vigilance state 265 transition, subsequently peaking ~20 seconds following the transition ( Fig. 2A,B) . 266
Following REM sleep to wake transitions, a reduction in VTA-GABAergic calcium 267 fluorescence was observed ( Fig. 2A,B) . Together, these findings demonstrate that VTA-268
GABAergic neurons exhibit strong alterations in population activity across arousal states. 269
VTA-GABAergic neuronal activity correlates with specific cortical oscillatory 270 patterns 271
To investigate whether VTA-GABAergic neural activity is correlated with specific 272 components of the EEG during different vigilance states, we examined correlations 273 between population activity and power within specific EEG bands during 1-sec epochs of 274 wakefulness, NREM, and REM sleep. During wakefulness, we found a negative 275 correlation between VTA-GABAergic population activity and EEG theta (5-9 Hz) power, 276 and a positive correlation of population activity and EEG gamma (30-80 Hz) power ( Fig.  277   3A-D) . The positive gamma correlation was evident across all test mice (Fig. S3) , and 278 was absent in control experiments (Fig. S2D) . In contrast, population activity of VTA-279 dopaminergic neurons was not correlated with the EEG gamma band, and only weakly 280 correlated with theta ( Fig. 3E-H) . These data suggest that during wakefulness, activity of 281 VTA-GABAergic, but not dopaminergic, neurons is related to fast cortical oscillations. 282
During NREM sleep, we observed a negative correlation between VTA-GABAergic 283 population activity and EEG delta (1-4.5 Hz), theta and sigma (10-14 Hz) power bands 284 ( Fig. 4) . Moreover, power in these frequency bands was significantly lower during high 285 ∆F/F times as compared to low ∆F/F times (Fig. S1C) . Similar to VTA-GABAergic 286 neurons, VTA-dopaminergic neurons showed a negative correlation between population 287 activity and EEG delta, theta, and sigma power bands during NREM sleep ( Fig. S4A-C) . 288
Together our findings suggest that within NREM sleep, high activity periods in both VTA-289
GABAergic and VTA-dopaminergic neurons are associated with a lightening of NREM 290
sleep. 291
Within REM sleep, we found a significant, yet weak, negative correlation between VTA-292
GABAergic population activity and both EEG theta and gamma power bands ( Fig. 4G-J) . 293
In contrast, VTA-dopaminergic neurons showed an opposite, yet weak, trend for EEG 294 theta power and no correlation for EEG gamma power ( Fig. S4D-F) . Taken together, 295 these findings demonstrate that activity in VTA-GABAergic neurons is strongly associated 296 with both behavioral and electrocortical arousal. 297
VTA-GABAergic neurons exhibit biased responses to social stimuli 298
To further explore the relationship between activity in VTA-GABAergic neurons and 299 arousal, we presented mice with various salient stimuli, of both positive and negative 300 valences, while simultaneously recording population activity from VTA-GABAergic 301 neurons and EEG/EMG signals. Following the placement of salient stimuli inside the 302 home cage of test mice, VTA-GABAergic neurons showed a fast increase in population 303 activity ( Fig. 5A-E) . Social stimuli (female mouse, juvenile mouse and an aggressive 304 mouse) induced an increase in activity that remained elevated for more than 120 seconds, 305 irrespective of valence ( Fig. 5A-C) . Non-social salient stimuli, associated with both 306 positive (high fat chow) and negative (rat bedding) valences, induced much weaker 307 activation of VTA-GABAergic neurons (Fig. 5D-F) . As during spontaneous wakefulness, 308 population activity of VTA-GABAergic neurons showed a positive correlation with EEG 309 gamma power during the presentation of most salient stimuli ( Fig. 5G-K) . Surprisingly, 310 no correlation between population activity of VTA-GABAergic neurons and EEG gamma 311 power was found during trials in which male mice were presented (both young and 312 older/aggressive males) ( Fig. 5G-K) . Together, these findings further support the premise 313 that VTA-GABAergic neurons activity is tightly linked to behavioral and electrocortical 314 arousal. 315
Discussion 316
Here, we investigated the relationships between electrocortical and behavioral arousal 317 and population activity of subsets of neurons in the VTA. We observed that activity in GABAergic neurons is positively correlated with EEG gamma power. We also found that 324 VTA-GABAergic neurons are strongly activated by different salient stimuli, specifically 325 social stimuli of both positive and negative valence. Activity of VTA-dopaminergic neurons 326 was found to be similarly negatively correlated with NREM sleep intensity but, notably, 327
we did not observe a significant correlation between population activity and gamma power 328 during wakefulness. Together, our findings demonstrate that the VTA, which is mainly 329 studied in regard to reward, motivation and learning, also shows strong modulation by 330 arousal state. 331
Both VTA dopaminergic and GABAergic neurons are strongly activated by rewards and 332 reward-predictive cues, yet VTA-GABAergic neurons show sustained excitation 333 following a reward-predictive cue while activity in VTA-dopaminergic neurons is 334 suppressed in the delay period between cue and reward delivery (Cohen et al., 2012) . 335
It has been suggested that sustained activation of VTA-GABAergic neurons during the 336 delay period accounts for the suppression of VTA-dopaminergic neural activity and 337 possibly the computation of reward prediction error (Schultz, 1998; Cohen et al., 2012) . It is important to mention that in the current study we did not distinguish between 368 We found that VTA-GABAergic neural activity correlated with specific components of the 404 EEG power spectrum. During NREM sleep, delta, theta and sigma power bands were 405 negatively correlated with VTA-GABAergic activity (Fig. 4) Negative correlations between VTA neural activity and cortical NREM sleep 418 characteristics suggest that the concerted activity of these neurons may fundamentally 419 oppose slow oscillations during NREM sleep. This may underlie chronic sleep 420 disturbances in people who abuse drugs targeting the dopaminergic system (e.g., 421 cocaine, methamphetamine). 422
We also found that activity in VTA-GABAergic, but not dopaminergic neurons, is positively 423 correlated with EEG gamma power during both spontaneous and motivated wakefulness 424 ( Fig. 3 and 5) . A previous study demonstrated that activity in the VTA and prefrontal cortex 425 (PFC) is coupled via a 4 Hz oscillation that synchronizes local gamma oscillations and 426 neuronal firing (Fujisawa and Buzsaki, 2011) . Moreover, the authors reported a task-427 dependent increase in gamma coherence between the PFC and the VTA during a working 428 Cortical gamma band activity is largely generated by fast-spiking GABAergic parvalbumin 435 positive interneurons (Sohal et al., 2009) , and is hypothesized to enhance information 436 processing and attention (Womelsdorf et al., 2007) . VTA-GABAergic activity may also be 437 related to cortical processes associated with gamma activity, such as the temporal 438 representation and consolidation of information (Buzsaki and Draguhn, 2004) . 439
Interestingly, our findings suggest that not all behaviors are characterized by this gamma 440 coupling, including interactions with same sex conspecifics. Indeed, further studies using 441 projection-specific manipulations could add valuable insights to the functional role of VTA-442
GABAergic neural activity and their relation to cortical gamma oscillations. 443
Lastly, we observed strong and enduring calcium responses from VTA-GABAergic 444 neurons during the presentation of social stimuli. Specifically, large increases in neuronal 445 activity were observed in response to a novel female mouse, aggressive male intruder, 446 and a 4-week old juvenile mouse, suggesting that population-level VTA-GABAergic 447 responses to social stimuli are independent of valence. In contrast, we observed 448 significantly smaller responses to both positive (high fat diet) and negative (rat bedding) 449 stimuli that did not involve a social novelty component. It is important to note that we did In summary, we demonstrated that VTA-GABAergic neural activity is strongly modulated 458 by arousal state. As many addictive drugs inhibit VTA-GABAergic neurons, resulting in 459 
